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The resting membrane potential and intracellular potassium and sodium concentration of three guinea pig hind limb muscles were studied.
These properties are related to the gross color, the speed of contraction, and the biochemically defined fiber type composing the muscle.
The resting membrane potential and intracellular content were: white vastus (grossly white, fast-twitch glycolytic) -85.3 mV. potassium
171.9 meg/liter; soleus (grossly red, slow-twitch oxidative) -69.7 mV, potassium 137.5 meg/liter; and red vastus lateralis (grossly red, fast-
twitch oxidative glycolytic) -71.7 mV, potassium 139.6 meq/liter. In soleus and red vastus lateralis, the relative permeability of sodium to
potassium was 0.041 and 0.036, while in white vastus it was 0.015. These results give us the first exception to the hypothesis that fast-
twitch fibers have higher intracellular potassium and higher resting membrane potential than slow-twitch fibers.
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ABsTrRACT The resting membrane potential and in-
tracellular potassium and sodium concentration of three
guinea pig hind limb muscles were studied. These prop-
erties are related to the gross color, the speed of contrac-
tion, and the biochemically defined fiber type composing
the muscle. The resting membrane potential and intra-
cellular content were: white vastus (grossly white, fast-
twitch glycolytic) — 85.3 mV, potassium 171.9 meq/
liter ; soleus (grossly red, slow-twitch oxidative) —69.7
mV, potassium 137.5 meq/liter; and red vastus lateralis
(grossly red, fast-twitch oxidative glycolytic) —71.7
mV, potassium 139.6 meq/liter. In soleus and red vastus
lateralis, the relative permeability of sodium to potassium
was 0.041 and 0.036, while in white vastus it was
0.015. These results give us the first exception to the
hypothesis that fast-twitch fibers have higher intracellu-
lar potassium and higher resting membrane potential
than slow-twitch fibers.

INTRODUCTION

The measured resting membrane potential (RMP)’
of human skeletal muscle is reported as ranging
from —65 to —90 mV (1-7). This wide spread
of values has largely been attributed to various
technical difficulties or to inclusion of low RMP values
found in superficial muscle fibers with the more con-
sistent and higher values of deeper muscle fibers (8).
Insufficient weight, however, has been given to the fact
that both human and animal studies have demonstrated
that mammalian muscle clearly consists of at least three
different fiber types (9) that have differing biochemical
and physiological functions (10). Any meaningful study
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t Abbreviations used in this paper: ECF, extracellular
fluid; Ex, potassium potential; ICF, intracellular fluid; Pxa,
relative permeability figure for sodium/potassium; RMP,
resting membrane potential.
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of muscle, such as measurement of RMP or electrolyte
content, must include a determination of the precise type
of fiber on which measurement is made.

As the basic function of muscle is contraction, it would
seem most reasonable to classify muscle by its speed of
contraction into fast-twitch and slow-twitch muscle;
however, a simpler classification into white and red
muscle has been made based on the generalization that
fast-twitch muscles are white and slow-twitch muscles,
red.

These aspects have been reviewed by Guth (11) ; Mark
(12) ; Barnard, Edgerton, Furukawa, and Peter (9);
and Peter, Barnard, Edgerton, Gillespie, and Stempel
(10). The latter group in particular has shown that
this generalization is not valid; some red skeletal mus-
cles composed predominantly of fibers which are grossly
red contract as rapidly as muscles composed of white
fibers. In detailed studies of the metabolic profiles of
guinea pig hind limb muscle, three distinct fiber types
were described: fast-twitch glycolytic (white vastus
lateralis), fast-twitch oxidative glycolytic (red vastus
lateralis) and slow-twitch oxidative (soleus). Although
it is now obvious that whole muscles cannot be simply
categorized as “red” or “white”, in earlier reports the
ionic composition and RMP of muscles have, in fact,
been related to gross color. Drahota (13), who in 1961
was the first to report the differences in the ionic com-
position of red and white fibers, suggested that muscles
could be subdivided into two groups according to the
jonic composition; those muscles that appeared grossly
red having lower intracellular potassium and higher
intracellular sodium than those muscles that appeared
grossly white. Sreter and Woo (14) extended this ob-
servation in an extensive analysis of many muscles and
also concluded that grossly red muscles, and the red part
of muscles like gastrocnemius that had both red and
white portions, had lower intracellular potassium than
white muscles.
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The Hodgkin and Katz (15) and Goldman (16)
theory of ionic diffusion predicts that the RMP will ap-
proximate the potassium potential (Ex),® so that slow-
twitch grossly red fibers should have a lower RMP than
fast-twitch white fibers. Yonemura (17) and Federov
(18) confirmed this, observing that the RMP of slow-
contracting muscle fibers of the rat is lower than the
RMP of fast-contracting fibers. The neural influence on
the ionic composition of fast- and slow-contracting fibers
was demonstrated by Hoh and Salafsky (19). In their
experiments, cross union of the nerves to the fast-con-
tracting extensor digitorum longus and slow-contracting
soleus muscle resulted in a reversal of the normal potas-
sium composition; intracellular potassium increased in
soleus and decreased in extensor digitorum longus. For
normal and self-innervated extensor digitorum longus,
potassium inside the cell was 173.1 and 172.8 meq/liter,
respectively, whereas in cross-innervated extensor digi-
torum longus, intracellular potassium was 158.5 meq/
liter, a figure very close to the intracellular potassium
of 154.3 meq/liter found in a self-innervated soleus. It
would seem, therefore, that almost all previous studies
have confirmed the hypothesis that slow-contracting
grossly red fibers have a lower intracellular potassium
and lower RMP than fast-contracting grossly white
fibers. We have tested this generalization by studying
the RMP and the distribution of potassium, sodium,
and chloride in guinea pig white vastus lateralis, red
vastus lateralis, and soleus, three muscles that have very
clearly defined and different physiological and bio-
chemical properties.

METHODS

Measurement of RMP. 200-250 g guinea pigs anesthe-
tized with intraperitoneal Nembutal (50 mg/kg) (Abbot
Laboratories, North Chicago, I1l.) were used. The vastus
muscle has an anterior white portion and lateral red por-
tion. The grossly white portion is composed predominantly
(71%) of fast-contracting glycolytic fibers (time-to-peak
tension 20 ms), while the grossly red portion is composed
predominantly (78%) of fast-contracting oxidative glyco-
Iytic fibers (time-to-peak tension 19 ms) (12). The fibers of
the guinea pig soleus muscle, also grossly red in appearance,
are entirely slow-contracting oxidative (time-to-peak ten-
sion 82 ms) (12). Muscles of the thigh were exposed by an
anterior incision, and in order to maintain the muscle
warmed and so reduce twitching, castor oil at 38°C was
continuously dripped over the muscle. RMP was measured
with microelectrodes filled with 3 M KCl, mounted in a
silver/silver chloride electrode holder and having a re-
sistance of 5-10 MQ. Only electrodes with tip potentials of
less than 5.0 mV were used. Reference electrode was a
capillary filled with 3 M KCI and mounted on a matching
silver/silver chloride electrode inserted subcutaneously in
the abdomen. The high impedance side was connected to
the input of a W-P Instruments model M-4A Precision

*Ex = 61.5 log (K*) intracellular fluid (ICF)
(K*)extracellular fluid (ECF)

at 38°C.

Electrometer (W-P Instruments, Inc, Hamden, Conn.)
that allowed neutralization of junction potentials. Super-
ficial fibers occasionally had a lower RMP than deeper
fibers, but in order to avoid bias, all potentials showing an
abrupt shift from 0 to 40 mV or more were included in
the analysis. Soleus muscle was exposed by a posterior in-
cision with separation of the gastrocnemius muscle. When
RMP measurements were completed, the animals were ex-
sanguinated by abdominal aortic puncture. The first 1.0 ml
of blood was collected separately and used for electrolyte
analysis. The total exsanguination procedure took less than
30 s. The vastus and soleus muscles from the opposite side
were then exposed and immediately removed for electrolyte
analysis.

Serum and muscle potassium, sodium, and chloride were
measured. After weighing, the muscle was dried to con-
stant weight to determine water content. Muscle electro-
Ivte analysis was made after nitric acid digestion of the
muscle. Only plastic or acid-washed glassware was used.
Sodium and potassium were measured on a flame pho-
tometer with internal lithium standard, and chloride on a
Cotlove chloridimeter (Buchler Instruments Div., Nuclear-
Chicago Corp., Fort Lee, N. J.).

The partition of water and electrolytes between intra-
and extracellular phases was calculated on the basis of
chloride space as the estimate of ECF volume (8).

RESULTS

Serum electrolyte values (mean=SE) corrected for wa-
ter content and Donnan effect were: sodium, 142.6*.7
meq/liter ; potassium, 4.9%0.1 megq/liter; and chloride,
100.5%+.8 meq/liter. Table I lists the measured in vivo
RMP, intracellular potassium and sodium concentrations,
and Ex. Mean intracellular chloride concentration was
3.7 meq/liter in white vastus, 4.8 meq/liter in red
vastus, and 4.6 meq/liter in soleus. The RMP was also
calculated for each animal from the Hodgkin, Goldman,
Katz (15, 16) equation where

KM ic 0.01 (Nat)cr
RMP = 61.5 log — +)”+ (NaDor
\K )E(‘,F + 0.01 (Na+)Ecp

A histogram of the RMP (Fig. 1) clearly demon-
strates that there was almost no overlap of the values for
RMP’s when measurements were made in that part of
the muscle which is composed predominantly of fast-
contracting glycolytic or fast-contracting oxidative gly-
colytic fibers. In the small area of the muscle where these
fibers intermingle, there was a mixture of both high and
low RMP, and in this part of the muscle. the measured
(K+*)xer and (Nat*)icr also fell between the values found
where only one fiber type predominated. Values for
RMP and electrolyte content from this area were there-
fore excluded from the analyses.

Water content was almost identical in portions of
these muscles known to be composed predominantly of
one fiber type, ie., 76.7 (SEx0.2)%, 76.4 (SE=%0.3)9,
and 763 (SE=x0.2)% of wet weight in white vastus,
soleus, and red vastus lateralis, respectively. The per-
cent of total water that was extracellular, as calculated
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TaBLE I
Values for RM P and Ionic Distribution in Guinea Pig Muscle

Muscle (fiber type) Measured RMP (K*)1cr (NaY)icr Ex* Cal:cl\lg;;:ed
mV megq/liter meq/liter mV mV
White vastus lateralis —85.3+£0.8 171.94-8.9 50.2+4.0 —94.3+£1.5 —87.9
(white, fast-twitch glycolytic) (n = 110) (n =6)
Soleus (red, slow-twitch oxidative) —69.7+0.6 137.54+£5.0 43.942.3 —88.242.7 —81.9
(n = 134) (n =6)
Red vastus lateralis —71.7+£0.7 139.6+£2.9 36.0+2.7 —87.8+1.1 —82.4
(red, fast-twitch oxidative glycolytic) (n = 150) (n =6)
All values: mean £SEM.
(K 1cr
*Exk = — 61.51og .
¥ %% (R gor
K% 1cr + 0.01 (Na¥)cr
Calculated RMP = — 61.51 (
1 Calculate 5 log KD nor + 0.01 (Na ) nor"
from the chloride space and the measured RMP, while DISCUSSION

comparable in white vastus (9.1+0.6%) and soleus
(82%0.7%), was significantly (P <0.01) reduced in
red vastus lateralis (4.4+0.8%).
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Ficure 1 Histogram of resting membrane potential of
fibers of red vastus lateralis, white vastus lateralis, and
soleus muscles of the guinea pig.
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The rat extensor digitorum longus and soleus muscles
have been extensively studied as typical examples of
fast-twitch and slow-twitch muscles. The fact that these
muscles are grossly white and red respectively has led to
much confusion (see Peter et al. [10] and Fiehn and
Peter [20] for discussion). The guinea pig white vastus
studied here is a fast-twitch muscle like the rat extensor
digitorum longus, and the measured RMP of —85.3 mV
found in this study is similar to the RMP of — 78.2 and
— 85 mV found in the rat extensor digitorum longus by
Yonemura (17) and Federov (18). The RMP measured
here in guinea pig soleus of —69.7 mV also approxi-
mates the —66 mV Yonemura found in rat soleus.
Drahota (13) in 1961 generalized to the effect that
white muscles have higher intracellular potassium than
red muscles, and this is supported by the intracellular
potassium found in this study of 171.9 meq/liter in
white vastus and 137.5 meq/liter in soleus.

The fibers of guinea pig red vastus lateralis muscle
are both fast-twitch (time-to-peak tension 19 ms) and
grossly red. These fibers have been clearly shown to
have both oxidative and glycolytic properties giving them
a unique metabolic profile (12) in which features of
both fast-twitch glycolytic and slow-twitch oxidative
fibers are combined. The RMP of —71.7 mV in this
muscle and the intracellular potassium concentration of
139.6 meq/liter were as predicted by Drahota for red
muscle, but less than previously observed in fast-twitch
fibers. The ionic hypothesis of Hodgkin predicts that
muscle with similar concentration of intracellular po-
tassium will have approximately the same RMP. It is,
therefore, not surprising that the red vastus lateralis
and soleus, which have almost identical intracellular
potassium concentrations, 139.6 and 137.5 meq/liter,



respectively, have similar RMP’s of —71.7 and — 69.7
mV.

It is of considerable interest in Table I to compare the
measured RMP’s to the calculated RMP’s using the
usual relative permeability figure for sodium/potassium
(Pxa) of 0.01. In white vastus lateralis the measured
RMP of —85.3 mV is close to the calculated — 87.9 mV,
but in both soleus and red vastus lateralis the calculated
RMP of —82 mV is almost 10 mV higher than the
measured potential. If the measured RMP is set equal
to the Hodgkin, Goldman, Katz (15, 16) equation, then
solving for Pxa gives in white vastus lateralis Pxa equal
to 0.015, while in soleus, P~ equals 0.041, and in red vas-
tus lateralis, Px. equals 0.036. Whether the increase in
sodium permeability relative to potassium is an advan-
tage to the fibers of soleus and red vastus lateralis, which
have in contrast to white vastus lateralis the common
property of greater oxidative capacity and relative re-
sistance to fatigue, is unknown.

The total water content of the three fiber types was
very similar, but the fraction of water that was extra-
cellular was significantly less in red vastus lateralis then
in soleus and white vastus lateralis. The reason for this
difference is not known. As the concentration of po-
tassium in ECF is less than 1/20th of the intracellular
concentration, this variation in ECF content has negligi-
ble (<29%) effect on calculated intracellular potassium,
Ex, or the RMP as calculated for the Hodgkin, Goldman,
Katz equation. Intracellular sodium of red vastus lat-
eralis would, however, be decreased from 36 to 31 meq/
liter if the fraction of extracellular water was increased
in red vastus lateralis to equal the 8 or 99, in white
vastus lateralis and soleus.

The intracellular sodium in guinea pig muscle found
here is higher than generally reported in mammalian
muscle and was higher than in the same muscle taken
in similar fashion from rats. Muscle electrolyte extrac-
tion and analyses were done in identical fashion; plastic
was used to minimize contamination; extracellular fluid
space was calculated from the chloride distribution and
measured RMP. The mean (£SE) intracellular sodium
of rat white vastus was 18.5 (%1.8) meq/liter (guinea
pig, 50.2x4 meq/liter) and of rat soleus was 28.4
(%£3.3) meq/liter (guinea pig, 43.9%2.3 meq/liter).
These values in rat are similar to human muscle (8), and
the higher intracellular sodium in guinea pig is ap-
parently, therefore, due to species variation.

These results in red vastus lateralis give us the first
exception to the hypothesis that fast-twitch fibers have
higher intracellular potassium and higher RMP than
slow-twitch fibers. These fast-twitch fibers (fast-twitch
oxidative glycolytic in red vastus lateralis) have an
intracellular potassium concentration and RMP similar
to some slow-twitch fibers (soleus of the guinea pig)

and lower than the fast-twitch glycolytic fibers as rep-
resented by white vastus lateralis. Burke, Levine, Zajac,
Tsairis, and Engel (21) have proposed that there are
three types of motor units which in all likelihood cor-
respond to the three biochemical types of fibers described
by Peter et al. (10), i.e., fast-twitch glycolytic (white
vastus), fast-twitch oxidative glycolytic (red vastus
lateralis), and slow-twitch oxidative (soleus). Studies
of more fibers having the characteristics of red vastus
lateralis, i.e. relative resistance to fatigue, fast-twitch,
and oxidative and glycolytic capacity, must be under-
taken before any pattern relating these features to RMP
and intracellular potassium can be assessed.

It is obvious, therefore, that in any consideration of
human or animal mammalian muscle the type of muscle
being studied must be defined. To label muscle as grossly
or visually red or white and not to define the actual
physiological and biochemical type of fibers composing
it is now indefensible.
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